The effect of heat and drought on stomatal behaviour of 2-4-week-old legumes, bean (Phaseolus vulgaris L.) and red clover (Trifolium pratense), was investigated. Drought stress was induced by complete water deficit or with polyethylene glycol (PEG), and abscisic acid (ABA) was applied to mimic plant drought response. Heat stress was simulated by water bath (leaf segments) and infrared and halogen lighting (whole plants). Various experimental conditions were studied: high temperature alone or combined with drought, and low or high photosynthetically active radiation (PAR). Stomatal opening was either measured directly or determined using thermal imaging as a proxy. When water was not limiting, stomata opened in darkness under heat stress. At high PAR, drought and moderate heat caused increased leaf temperatures and temperature oscillations (±3-4 • C), attributed to the opening and closing of stomata. At low PAR, heat led to leaf temperature oscillations in control plants, whereas the application of drought caused stomatal closure, increasing leaf temperature to 39 • C. Stomatal opening occurred under high temperatures, despite the presence of the drought-induced hormone ABA, and was maintained into a recovery period at room temperature for 30 min. This study helps to illustrate stomatal plasticity and the interplay between leaf gas-exchange and maintaining favourable metabolic conditions (water status and temperature) within the leaf. Knowledge of how legumes are affected by two environmental stresses, heat and drought, expected to occur simultaneously with greater frequency in the future, is important in determining overall plant survival strategies.
Introduction
In both natural and agricultural settings, plants are exposed to environmental stress. Stress may develop over months (i.e. mineral nutrient stress), days to weeks (i.e. drought stress) or even minutes (i.e. temperature stress). Though plant stress is often viewed at the level of the whole plant (e.g. biomass production, yield or survival), initial responses to stress (e.g. changes in carboxylation efficiency, stomatal limitations, accumulation of protective solutes) occur at the leaf level (Haldimann and Feller, 2004; Flexas et al., 2004; Iriti et al., 2009) . At the interface between atmosphere and plant, leaf stomata provide the entryway for CO 2 for photosynthetic carbon fixation, while preventing excessive water loss. Through their role in transpiration, stomata also help control leaf temperature. Net stomatal conductance depends on both plant-specific traits, such as stomatal density, leaf age and size, sub-stomatal CO 2 concentration, guard cell and epidermal cell turgor (Jones, 1992) , and on signals received from the environment. There is ample evidence for the Abbreviations: ABA, abscisic acid; PAR, photosynthetically active radiation; PEG, polyethylene glycol; Rubisco, ribulose-1,5-bisphosphate-carboxylase/-oxygenase; WD, water deficit.
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E-mail address: urs.feller@ips.unibe.ch (U. Feller). effects of light (e.g. Assmann and Shimazaki, 1999; Roelfsema et al., 2002) , mesophyll photosynthesis (e.g. Wong et al., 1979; Zeiger and Field, 1982; Lawson, 2009 ), external CO 2 concentration (e.g. Morison and Gifford, 1984; Saxe et al., 1998; Medlyn et al., 2001) and water status on stomata (e.g. Kappen et al., 1987; Mott et al., 1997; Wilkinson and Davies, 2002) . However, knowledge of the effects of ambient temperature on stomata remains limited (Zeiger, 1983; Lu et al., 2000; Feller, 2006) . The daily temperature range experienced by plants varies greatly with cloudiness and wind strength (Gates, 1964) , while soil moisture conditions are more temporally stable (Pachepsky et al., 2005; Teuling et al., 2007) . On a seasonal scale, the frequency and severity of temperature and soil moisture extremes is expected to increase in the next decades (Schär et al., 2004; Meehl and Tebaldi, 2004; Ciais et al., 2005) . Water deficit rarely acts alone (Chaves et al., 2002) and interactions between drought and high temperature on water relations, photosynthesis and crop growth have already been observed (Machado and Paulsen, 2001; Wardlaw, 2002; Shah and Paulsen, 2003) . However, the combined impact of drought and high temperature on stomata is not well documented (Van Peer et al., 2004; Wang and Huang, 2004) . When occurring separately, drought and heat have antagonistic effects on stomata. In general, stomata close rapidly under drought conditions. High temperatures may affect plant processes directly by injuring the photosynthetic apparatus (Law and Crafts-Brandner, 1999; 2004), or indirectly through water relations by promoting evaporative water loss from the soil. In warm and moist environments, stomata have been shown to open wide (Radin et al., 1994; Feller, 2006; Veselova et al., 2006) , while at low temperatures they tend to close (Eamus et al., 1982; Wilkinson et al., 2001; Veselova et al., 2006) , incurring trade-offs between leaf cooling, favourable water status, gas-exchange and photosynthesis (Feller et al., 1998; Haldimann and Feller, 2004; Grassi and Magnani, 2005) .
The present study addresses the question: how do stomata operate under short-term drought and high temperature in two legumes, bean (Phaseolus vulgaris L.) and red clover (Trifolium pratense)? Stomatal aperture was measured by light microscopy and thermal imaging, a proxy for stomatal conductance (Fuchs and Tanner, 1966; Smith et al., 1988) . Understanding stomatal regulatory strategies, whether they favour plant productivity, leaf viability, or protect from injury to the photosynthetic Fig. 1 . Influence of temperature on stomatal aperture of bean (Phaseolus vulgaris) leaves exposed to elevated temperature in darkness. Leaf segments were floated on deionised water heated to indicated temperature for 0, 10, 20, 40 or 60 min, then photographed. Some stomata are encircled for clarity. apparatus, is important in determining a plant's overall stress response.
Materials and methods
Dwarf bean (P. vulgaris L. Var. "Saxa") and red clover (T. pratense) were germinated on wet paper and then grown hydroponically as reported previously (Hildbrand et al., 1994) , in a growing room under day/night temperatures of 25/21 • C and 130 mol m −2 s −1 photosynthetically active radiation (PAR) during a 14 h photoperiod. Two-four weeks after germination, whole plants or primary leaf segments were used for the experiments.
In order to isolate the effect of short-term stress, hydroponic cultures were used, avoiding the additional influence on plant performance of nutrient stress, root exudation or impact of the rhizosphere. For the investigation of the impact of heat on stomatal opening, the potential confounding effects of drought or carbon assimilation on stomatal opening were eliminated by conducting experiments on liquid medium in darkness. Four leaves from 4 different plants (clover) or 6 leaves from 6 different plants (bean) were each divided into fragments (0.2-0.5 cm 2 ), floated on deionised water, and heated to either 40 or 45 • C, in darkness, for 0, 10, 20, 40 or 60 min. Recovery occurred at room temperature during 120 (clover) or 60 (bean) minutes. A second series of four, 4-week-old bean leaf segments were pre-treated on nutrient medium with (+) or without (−) 0.1 M abscisic acid (ABA), for 30 min at 23 • C, in darkness. Following pre-treatment, segments were transferred to deionised water heated to 23, 30, 35, 40, 45 or 47 • C for 20 min. Following incubation, segments were transferred to deionised water at 23 • C to recover for a period of 0, 10, 20 or 30 min. For each experiment, stomatal apertures were measured by placing leaf segments on a microscope slide and taking digital pictures focussed on the lower epidermis within 10 s (digital camera mounted on a microscope). All clearly visible stomata in the viewing field were measured and average opening calculated. Four separately incubated leaf segments were analyzed per treatment, each consisting of an average 19 stomata.
For the investigation of combined drought and temperature stress, 4% or 8% polyethylene glycol solution (PEG40 or PEG80, 40 or 80 g PEG-6000 in 1 L nutrient solution, respectively) was added to hydroponic cultures once plants were established, after 2 (bean) or 4 (clover) weeks. PEG simulates drought stress in plants by lowering the water potential in aqueous solution. The advantage of this type of stress over soil cultures is that it is: (1) rapidly achieved, (2) quantifiable, and (3) easily reproducible for different species, providing the homogeneous growth conditions needed to investigate basic response patterns in plants on relatively short timescales. Treatments consisted of nutrient solution + PEG (PEG), no nutrient solution (complete water deficit treatment, WD) or nutrient solution only (control). Different protocols for bean and clover allowed a broader range of conditions to be studied. Plants were treated for 2 (clover) or 72 h (bean), after which time different lighting regimes were imposed. The two different light sources consisted in a halogen (clover, PAR = 1600-1900 mol m −2 s −1 ) and an infrared lamp (bean, PAR = 70 mol m −2 s −1 ). Thermal images (thermal camera IRCON digiCAM-IR model 100PHT) were taken from the same position, with the help of a tripod, at given time intervals. To record the recovery process, the light source was shut off (resulting in PAR of 2.5-4 mol m −2 s −1 ) and images were taken during the recovery period (10 min). An area on each thermal image, located at the centre of the main leaf and consisting of 220 pixels, was selected. Average temperature of all pixels of the selected area was calculated for each image, generating a single average leaf temperature per image. In addition, bean leaf response to PEG40 and infrared lighting was documented by thermal images taken at 1-min intervals for 40 (treatment) and 21 (control; no PEG40) minutes.
Results
Heat led to stomatal opening (Figs. 1 and 2). Overall, stomatal opening was greater at 45 • C than at 40 • C, and greater in bean than clover, with a maximum more than 2 times that of clover after 60 min incubation time. At the start of the experiment (incubation time of 0), stomatal opening was near 0. In bean the increase in stomatal opening was progressive; in clover also, apart from a slight decrease in aperture from 50 to 60 min incubation at 45 • C (Fig. 2) . Regardless of incubation time, the effect of heat on stomata was reversible ( Fig. 3) : restoration of initial stomatal opening of ca. 0 m following heat stress occurred after 120 min for clover at 23 • C and after 45 min at 23 • C for bean.
An interaction between ABA treatment and incubation temperature was observed in bean (Table 1 ). In the absence of ABA (−), stomatal opening at 23 • C did not vary significantly. Increasing incubation temperature increased stomatal opening (recovery phase 0 min) but this was quickly restored over time (recovery phase 10, 20 and 30 min at 23 • C). A higher incubation temperature was required to initiate stomatal opening in the presence of ABA (+). Even at 47 • C, stomata were not fully opened. At 40 and 45 • C, the effect of ABA was significant (p < 0.05).
Leaf temperatures were deduced from thermal images of clover plants under high photosynthetically active radiation (PAR). Plants treated with PEG80 or complete water deficit (WD) showed higher leaf temperature than control (Fig. 4) , though the effect was greater for WD plants (significant at p < 0.05 for WD only). Pixel analysis revealed a maximum temperature of 33 • C in WD plants after 30 min of illumination (Fig. 5) . In control plants, leaf temperature initially decreased slightly followed by a progressive increase from 15 to 30 min incubation time. For PEG80 plants, a progressive decrease in leaf temperature (up to 15 min) followed by an increase (25 min) followed by a decrease (30 min), was observed. For WD plants leaf temperature oscillations also occurred in the range of 30-33 • C. For the recovery in darkness, both PEG80 and control plants cooled quickly to ca. 22 • C, whereas WD plants maintained significantly higher leaf temperature for more than 1 min and leaf temperature only recovered after 10 min (Fig. 5) . The return Fig. 2 . Stomatal opening (m) of leaf segments of (a) clover (Trifolium pratense) and (b) bean (Phaseolus vulgaris) floated on water in darkness at 40 or 45 • C. Leaf segments were held at 40 or 45 • C and stomatal opening was measured after 10, 20, 40 and 60 min. Means ± SE of 4 (clover) or 6 (bean) independent samples are shown.
Table 1
Influence of abscisic acid (ABA) on stomatal opening during the recovery phase after an incubation at elevated temperature in darkness. Bean leaf segments were incubated floating on H2O (−ABA) or on 0.1 M ABA (+ABA) for 20 min at the temperature indicated then transferred to 23 • C (on the same medium) for the recovery phase. Means ± SE of 4 independent samples of stomatal diameter are shown (m). to pre-treatment leaf temperatures in darkness for WD plants was slower than for control and PEG80, requiring 10 min compared to 30 s. Temperature of bean leaves exposed to infrared light varied according to treatment. For control plants (Fig. 6a) , leaf temperatures increased sharply from 31.8 • C at 0.5 min to a maximum of 38 • C after 4 min, decreasing to 32 • C over the next 10 min then increasing again to 35 • C at 21 min. For treatment (PEG40) plants (Fig. 6b) the opposite pattern was observed: leaf temperatures initially fell from 36 to 34 • C (first 4 min), then increased and remained in the range of 39-40 • C from 12 to 40 min. In addition, leaf temperature was several degrees higher than in control plants at the onset of the experiment.
Discussion
The results of this study cannot completely describe the response of more mature or whole plants but they still show that under stress, plants experience a trade-off between preventing water loss and protection from over-heating. While hydroponic cultures do not represent natural growing conditions, this technique allowed us to grow plants with identical pre-experimental growth conditions, with a set-up that is easily reproducible, and for a large number of plants and species. The use of leaf segments floating on water in darkness helped exclude the effects of carbon fixation, water status and transpiration on stomatal opening. The use of two different light sources allowed separation of the effect of high heat stress (infrared light) from strong photosynthetically active radiation (halogen light) on stomatal opening. Bean stomata appeared somewhat more responsive to heat stress than clover (timing, magnitude and speed of initial response and recovery). While absolute responses are species-specific, similar trends were observed for the two legume species considered.
Heat stress led to increased stomatal opening (measured). In general, highly variable leaf temperatures and stomatal opening within the relatively short intervals studied illustrates the high stomatal sensitivity to change. The more pronounced opening at 45 • C compared to 40 • C was also observed in whole leaves of field-grown Trifolium repens plants (not shown), indicating that this response probably occurs regardless of culture and/or treatment. In addition, the range of observed leaf temperatures under stress was attributed to changes in stomatal opening, a dependency shown for other studies, regardless of CO 2 assimilation status (Feller, 2006) . Concerning leaf temperature pattern, control plants under constant and low PAR showed leaf temperature fluctuations between 32 and 38 • C for a period of 21 min. Similar fluctuations were observed by Feller (2006) for non-stressed bean plants exposed to infrared light for 30 min. However, drought-stressed plants under otherwise identical conditions showed a unidirectional response: progressive increase in leaf temperature to 40 • C over 12 min (attributed to progressive stomatal closure), then temperature stability up to 40 min. For the experiment at high PAR, leaf temperatures were lower than at low PAR, reflecting light source properties. Control plants showed temperatures within a range of 1 • C. However, pronounced temperature fluctuations (±2 • C) were observed for leaves in the complete absence of water (WD), showing warming followed by cooling, followed by further warming. Leaves under PEG treatment exhibited temperatures closer to values for control plants but with fluctuations within a 5 • C range. Similarly, Haefner et al. (1997) found that stomata exhibit homogeneous behaviour at high humidity (control) and patchy oscillatory behaviour at low humidity (stress). Our results show that combined heat and drought stress alters the leaf response in order to maintain favourable leaf temperature. Overall, regardless of lighting type, the stomatal response to heat or combined heat and drought was fully reversible over time in whole plants (leaf temperatures decreasing to 22 • C for all treatments).
Concerning timing of stomatal response, under infrared lighting, stomatal adjustment to stress occurred within the first 4 min. After Fig. 4 . Thermal images of clover (Trifolium pratense) exposed to halogen light (1600-1900 mol m −2 s −1 ). Whole plants were placed in one of 3 groups in darkness 120 min before the beginning of the experiment: control (standard nutrient solution: a, d, g, j, m, p), PEG80 treatment (80 g polyethylene glycol 6000/L H2O: b, e, h, k, n, q) and water deficit treatment (WD; plants placed in an empty flask: c, f, i, l, o, r). Images of single plants were taken at 5 min intervals during the 30-min exposure to light. Plants were allowed to recover in darkness for a period of 10 min with images taken at 0.25, 0.5, 1 and 10 min recovery (images s-dd). 4 min, plants began either cooling (control, Fig. 6a ) or warming (PEG40, b). In Feller (2006) , steady leaf temperatures were achieved in bean leaves exposed to an infrared lamp only after the same 4-min delay for bean plants transferred from darkness to either halogen or infrared lighting. This illustrates that while changes in external conditions may be sudden, it takes several minutes for the stomatal response to be perceptible. The delay appears to be similar in legumes regardless of the exact nature of the study conducted or the stress applied.
ABA, a phytohormone accumulated rapidly in the leaf during drought stress, typically causes a decrease in stomatal aperture and transpiration rate (Iriti et al., 2009) . At 40 • C, a temperature often achieved by sun-exposed leaves in the field (Feller, 2006) , plants treated with ABA showed lower stomatal conductance than control. Despite the influence of ABA, stomata were partially open when temperature was increased to 45 or 47 • C, remaining open during the recovery phase at 23 • C (30 min). During this phase stomata closed within 10 min following the 40 • C treatment, but remained Fig. 4 (n = 220 pixels) for either control (standard nutrient solution), PEG80 (80 g polyethylene glycol 6000/L H2O) or WD (water deficit) treatments. Temperatures represent average leaf temperatures of clover plants (Trifolium pratense) (determined at 5 min intervals from 0 to 30 min) exposed to halogen light (1600-1900 mol m −2 s −1 ) for 30 min (left of vertical line), followed by average leaf temperatures during recovery (right of vertical line) in darkness at 23 • C (determined at 0.25, 0.5, 1 and 10 min), ±SE. 6 . Average pixel temperature of selected bean (Phaseolus vulgaris) leaf area of thermal images (n = 220 pixels). Treatment plants were treated with PEG40 (40 g polyethylene glycol 6000/L H2O) for 72 h. All plants were then exposed to heat from an infrared light (70 mol m −2 s −1 ) and images taken at 1-min intervals for 21 min ((a), control; no PEG40) or 40 min ((b), PEG40 treatment). open for as long as 30 min, following the 47 • C treatment. This illustrates a shift in the stomatal response (stomata opening to cool leaf) to a higher temperature, under stress.
Fig.
Though the exact mechanism of temperature sensing in stomata remains open, metabolic changes and membrane properties could explain the apparent differences in responses observed under the range of conditions studied. Overall, high stomatal sensitivity to external conditions (wide range of stomatal response) was demonstrated.
Conclusion
Changes in stomatal opening are a primary, rapidly occurring effect of drought and heat stress in legumes. Previously, elevated temperatures were shown to negatively affect photo-synthesis (Feller et al., 1998; Law and Crafts-Brandner, 1999; Haldimann and Feller, 2004) , influencing leaf metabolism primarily through Rubisco activase properties and Rubisco activation state (Feller et al., 1998; Crafts-Brandner and Salvucci, 2000; Feller, 2004, 2005) . It was also demonstrated that plants increase stomatal conductance under high temperatures (Salvucci and Crafts-Brandner, 2004) . However, our results show that stomatal response to heat and drought is complex: legumes respond to moderate stress by closing stomata or causing irregular conductance and to high temperature stress by increasing stomatal conductance, even under drought. While the response to moderate overall stress indicates a tendency to prioritize water relations, the response to higher stress suggests that metabolic effects pertaining to the protection of the photosynthetic apparatus from heat, are limiting. Globally, stomata are responsible for the flow of CO 2 fixed and water lost by plants. Further characterizing stomatal responses to stress will have many applications from modelling energy fluxes to determining ecosystem responses or individual plant survival in a future climate.
